Introduction
New projects of civil aircrafts are in these years frequently influenced by a development strategy focusing on more electric aircraft ͑MEA͒ or even all electric aircraft ͑AEA͒ concepts. The partial substitution of conventional hydraulic or pneumatic controls and drives with electrical ones ͑see Table 1͒ , and the introduction of new auxiliary systems bring about an increase in onboard electric power consumption, reaching values around 560 kW for airplanes such as the B777 or A330/A340, and going toward 1.3-1.5 MW for next generation aircrafts ͓1-5͔.
Furthermore, the possible elimination of power offtakes from the main engines would increase the nominal power output required by a separated onboard electricity generator.
It is well known that a fraction of electric power is generated on-board civil aircrafts by small turbine units, acting as auxiliary power units ͑APUs͒. Such machines operate with simple cycle, uncooled operation, low turbine inlet temperature ͑TIT͒, and pressure ratio, generally with single stage radial compressor and a power output in the range of several tenth kilowatts and up to the hundred kilowatt scale. Their advantages include low weight, rapid startup, and robustness; disadvantages are primarily the low efficiency ͑15-18%͒ and significant NO x and CO emissions. The possible removal of power offtakes from the main engines would increase the nominal power of the APU system, making more important to look for higher efficiency and lower pollution devices. Polymer electrolyte membrane fuel cells ͑PEM FCs͒ on their own are widely experimented in prototypes and generally recognized very attractive for future application in the automotive field; thanks to their ability to generate electricity with high efficiency ͑e.g., 50-55%͒ in tenth-kilowatt scale systems fed with hydrogen and operating at low temperatures ͑60-70°C͒. They also show a rather high power density ͑in terms of kW/kg and kW/ dm 3 ͒, fast startup, and negligible emissions. The quick development of this technology has suggested to consider their application also in the aeronautic field, within the perspective of a step by step development, which could also represent a new possible market for the beginning of their commercialization.
The technology roadmap for this development includes several steps, where the first should be introducing a pure hydrogen PEM system with minor aircraft changes, aiming to provide a fraction of electric power ͑well below the potential power requirements shown in Table 1͒ for auxiliary loads and emergency systems actually sustained by APUs and other generators ͑for instance, the air turbine that is used to drive the pumps of the emergency hydraulic circuit͒. Subsequent steps could involve the use of onboard reformers ͓3͔ as well as different FC types with increasing power output.
The concept of integrating a PEM unit onboard civil aircrafts has been already introduced in several works ͓2,6,7͔, where the fuel cell has been generally considered as a device with assigned Contributed by the International Gas Turbine Institute of ASME for publication in the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received April 28, 2007; final manuscript received May 9, 2007; published online February 29, 2008 . Review conducted by Dilip R. Ballal. Paper presented at the ASME Turboenergy balances. The scope of this paper is to discuss with better detail the possible plant configurations and the optimization of the FC operating conditions, using a model which takes into account the effects of variable fuel cell performances.
The PEM fuel cell requires to be fed with a high purity hydrogen fuel and with air; both reactants shall be properly humidified to allow an efficient and durable operation of the cell membrane, which works efficiently when wet. By the point of view of the cell operating conditions, pressurization increases the cell efficiency and power output ͑for a given fuel consumption͒, but is energetically expensive because the air flow has to be compressed. If such compression is carried out without recovering useful power from the cell pressurized exhausts, the compressor power consumption is higher than the power gain by the FC, so the final effect on the system is negative. For this reason, PEM systems usually work at pressure between 1.2 bars and 1.5 bars.
Conversely, when operating at high altitude and low ambient temperature, a certain degree of pressurization is necessary to allow the presence of liquid water at the cell typical operating temperatures. In such conditions, it becomes important to exploit the expansion of the cell exhaust gases with a turbine, leading to a turbocharged cell design. In all cases, it is therefore necessary to define the optimal pressure level of the fuel cell system and the most suitable system arrangement, which can be used to obtain the cell pressurization.
In the first section of the paper, a model for predicting the performances of PEM fuel cell, with variable pressure operation and hydrogen feeding, is discussed. Calculations are performed based on state-of-the-art performances of small PEM fuel cell stacks. Subsequently, two system arrangements are investigated, where the PEM system is pressurized by ͑i͒ an electrically driven compressor or ͑ii͒ a turbocharger unit, with ͑iii͒ an eventual burner ahead the turbine. This work presents a detailed analysis of the fuel cell operating parameters and of the other component characteristics ͑pressure drops and efficiencies͒, together with their effects on the system efficiency. The performances of such a system are predicted, evidencing the most suitable solution.
The option of integrating the PEM system with an eventual fuel reformer-capable of producing onboard the hydrogen required by the fuel cell, thus relying only on a jet fuel supply-is not addressed in this work, where we prefer to focus on the issues of integrating the PEM and the air compression unit. However, the option of storing hydrogen onboard is frequently regarded as possible in the mid-and long-term future, a time scale appropriate also for the eventual use of such kind of fuel cell systems.
Operating Conditions
The onboard PEM system shall work under variable ambient conditions during the aircraft flight. A typical operating range is shown in Fig. 1 . We consider here three representative conditions ͑see dots in figure͒: ground operation, cruise conditions, and high altitude, low speed flight ͑the last called "worst" condition͒.
The following table ͑Table 2͒ shows the ambient conditions in the three cases. As already mentioned, the pressure level of the PEM system shall allow the presence of liquid water ͑avoiding the risk of boiling͒. Within a hypothesis of maximum cell local temperature of 80-85°C, the minimum tolerable pressure would be close to 0.57 bar according to water saturation tables; considering possible pressure oscillations, startup, and dynamic load variation issues, the design minimum pressure level can be set at 0.8 bar for the PEM system under flight conditions.
In all cases, we consider to design the fuel cell system for achieving a 60 kW net electric power output at cruise conditions, a value considered by preliminary projects at Airbus ͓4,8͔; however, calculations may be easily extended to the case of a different power output.
Calculation Model
3.1 Fuel Cell Model. We make here reference to a PEM stack, which reflects the features of Nuvera fuel cell technology, with operating temperature of 70°C, which has been used for prototypes testing in the range of few kilowatt output as well as for hundred kilowatt-scale units ͓9͔.
The FC can be humidified by direct water injection ͑DWI͒ at the cathode, without requiring additional humidification at the anode side, because the amount of water used maintains the whole membrane humid, avoiding dehydration problems. The water stream can also act as the cell cooler by sensible heat exchange 
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Transactions of the ASME and partial evaporation, with the latter being the dominant effect ͓10͔. Alternatively, the primary cooling effect can be carried out with a separated water loop, a solution preferred, for instance, for automotive applications; in this case, a water-glycol mixture circulates into cooling channels, which are inserted between adjoining cell groups; the coolant is then circulated in an air-cooled heat exchanger before returning to the FC ͓11,12͔. The two options do not affect significantly the system energy balances discussed in this work; however, when applied to aircraft operation, both solutions have their drawbacks: ͑i͒ the DWI concept may suffer the pressure variations, which are experienced by the cell stack during real operation, requiring large variations of the amount of water sprayed at the cathode to obtain the cooling effect; moreover, evaporation becomes progressively inefficient when the stack pressure is increased above 1.5-2 bars, given that the cell average temperature cannot be increased above 75-80°C with actual membrane materials, so that heat exchange is primarily carried out by the liquid stream which increases its mass flow rate; ͑ii͒ the solution with a closed circuit cooling requires to adopt a saturator on the inlet air flow, which complicates the system layout; the saturator could be avoided during ground operation, but it becomes mandatory when operating with very dry inlet conditions, as typical when the FC is fed with compressed air during high altitude flight. In this paper, we consider the first solution ͑cell cooling with water injection͒, presenting in some cases results of the second alternative. The PEM is fed by an oxidizer at the cathode ͑as mentioned, air mixed with water sprayed for humidification͒ and a fuel ͑Fig. 2͒. The two fluxes flow in contact with cathode and anode porous surfaces, separated by a solid membrane electrolyte, which is a good H + ion conductor. The ionization of molecular hydrogen to H + takes place at the anode, thanks to the effect of proper catalysts ͑generally platinum͒; hydrogen is then oxidized to steam at the cathode.
If the fuel at the anode inlet is pure hydrogen, as assumed in this paper, the PEM can work in a "dead-end" arrangement: the anode has only an entrance side and no exit ͑except for periodical purging of accumulated inerts and pressure regulation͒, and all the hydrogen is used in the fuel cell. If the fuel at the anode inlet is a mixture of hydrogen and other components, hydrogen can be electrochemically oxidized only up to a maximum fuel utilization factor, to avoid the large voltage losses due to reactant concentration gradients and limited gas diffusivity near the electrodes active area. The same consideration applies to the air flow; air and fuel utilization factors ͑see Nomenclature͒ quantify the consumed fractions.
The FC generates direct current electrical energy with an efficiency proportional to its voltage. The efficiency is positively affected by pressurized operation, with a gain proportional to the operating pressure, while it decreases by increasing the cell current density. The model calculates the cell electric power production, heat generation, and efficiency together with the thermodynamic properties and chemical composition of the inlet and outlet flows, as a function of the cell operating conditions ͑temperature, pressure, current density, fuel, and oxidizer composition and utilization factors͒.
The amount of hydrogen that permeates and reacts with oxygen is calculated by multiplying the mass stream at the anode inlet with the fuel utilization factor. In the same way, the inlet air flow is estimated based on the air utilization factor. The anode outlet mass flow is computed as the difference between the inlet mass flow and the hydrogen permeated; the cathode outlet stream is the sum of the cathode inlet air, the water for cooling, and the hydrogen permeated.
The cell voltage V c is estimated based on the cell current density i c by means of the following equation ͓13͔:
This formula does not consider the concentration losses, because in this study we assume that the fuel cell operating conditions always fall in the linear portion of the polarization curve, where the dominant effect is a linear resistance loss. The parameters A, B, and C are function of temperature and pressure and they can be expressed by the following equations ͓14,15͔: 
͑4͒
The constants a -f of the equations are calibrated by interpolation of experimental data for state-of-the-art PEM membranes ͑Fig. 3͒. The final equation, whose constants are reported in Table 3 , allows us to reproduce experimental results with an average voltage error below 1% in the regions of interest. Based on the cell voltage, the stack electric power is calculated by
where N H 2 ,p ͑mol/ s͒ are the moles of hydrogen permeated from anode to cathode. It is then possible to find the cell active area, A c , as the ratio between power output ͑P el ͒ and the product of current density and cell voltage ͑i c V c ͒.
The amount of water injected for cooling is calculated iteratively with to respect the energy balance of the system, reaching an assigned value of the cathode and anode outlet temperature ͑75°C͒. Compositions are calculated based on the quantity of hydrogen permeated.
The following table ͑Table 4͒ shows other fuel cell simulation assumptions. Fuel is assumed here to come from pressurized tanks, so that no fuel compressor is required.
Compressor and Other Components.
The system layout includes a compressor, with the function of ralsing the cell pressure up to a desired value, and may include a turbine. These components work with maximum pressure ratios in the range 3.5-4.5, similar to those of radial turbomachines used for gas microturbines ͓17-19͔. However, the air mass flow rate handled in the PEM system considered here is rather low ͑below 0.1 kg/ s, i.e., that of a few kilowatt microturbine͒, suggesting the necessity to adopt very high speed components ͓20,21͔, comparable to those used for the turbochargers of the car industry. The assumptions used for their simulation, together with those of other plant components ͑heat exchangers͒, are shown in Table 5 ͓22-24͔.
Based on the aircraft operating conditions considered above, the compressor system has to deal with a large variation of pressure ratio ͑1.2-4.5͒ and an extremely wide variation of inlet volumetric air flow rate, the latter yielding a sixfold variation of corrected mass flow at compressor inlet ͑Eq. ͑6͒͒ going from ground operation to high altitude flight.
The typical operating range for centrifugal compressors allows a corrected mass flow variation around 1:3 between the minimum and maximum pressure ratios requested here ͓22͔; this consideration suggests that the compressor system has to be designed with two parallel units, the first operating at ground and low altitudes, and the second added at high altitude when the inlet air volumetric flow rate becomes too large.
Plant Configurations and Thermodynamic Results
The proposed plant configuration is shown in Figs. 4͑a͒-4͑c͒ with the corresponding energy balances and with the thermodynamic conditions of all the relevant cycle points. The analysis of the complete power cycle is made with a modular simulation code ͑GS͒ already described in previous works and tested on a wide variety of gas turbine and fuel cell cycles ͓25-27͔.
The fuel cell is designed to work at a given current density ͑0.4 A / cm 2 , Table 4͒ at cruise conditions, where the system air mass flow rate is adjusted to achieve the desired power output. The remaining operating conditions are calculated within the hypothesis of keeping the same cell active surface A c and changing the current density ͑influencing the cell voltage according to Eq. ͑1͒͒ to reach the same power output.
Base Case.
The base case arrangement ͑A͒ is shown in Fig. 4͑a͒ . The air flow enters the system from the intake ͑1͒, where speed is turned into pressure by a diffuser, and then it is compressed up to the pressure required by the FC. After compression, the air flow ͑3͒ shall be cooled to the temperature required by the FC with a heat exchanger, for instance, going from 95°C to 100°C down to 80°C. At the inlet of the cathode ͑5͒, air is mixed with water at about 55°C ͑6͒ for cell humidification, resulting in a further reduction of temperature. Hydrogen ͑4͒ feeds the PEM anode after being depressurized to the same pressure of the air flow 1 . The water required for humidification is separated by condensation from the cathode exhaust stream and recycled; the remaining exhausts are vented in the atmosphere ͑7͒. Thermodynamic properties and composition of the main streams are showed in Table 6 .
Preliminary optimization of the cell operating pressure has shown, with all the operating conditions of Table 2 , that there is no practical gain to operate the fuel cell at higher pressure when the external ambient pressure is lower than the minimum pressure level considered above ͑0.8 bar͒: It always happens that the power required to drive the compressor is much higher than the gain obtained with a higher cell voltage and cell power output ͓24͔. Consequently, cell pressure is set at a minimum of 0.8 bar during flight, while at higher ambient pressure conditions ͑i.e., ground conditions͒ the system is only slightly pressurized at 1.2 bars to sustain internal pressure drops. The system energy balances are 
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Transactions of the ASME presented in Table 7 . They indicate a design efficiency of 43.5% at cruise conditions, while the efficiency is 52.5% during ground operation, where the compressor consumption becomes negligible. A possible improvement of this configuration would be to exploit the expansion of the vented gases ͑point 8 in Fig. 4͑a͒͒ in a turboexpander; however, direct expansion is not feasible because the low turbine inlet temperature would easily lead to frost formation in the expander. It could be possible to stop the turbine expansion at a higher pressure than atmospheric in order to avoid this problem, but the power gain would be too low to justify the complexity added to the system. The solution of adopting a turboexpander becomes feasible only changing the system layout as presented in the following cases.
Case With Turbocharger.
In the second case ͑B͒, shown in Fig. 4͑b͒ , the cooling of compressed air is done with the cell exhaust gases. This solution allows us to avoid introducing an additional cooling flow, and the temperature of the gases becomes acceptable for a turbine expansion. The resulting TIT is anyway very low, so that expansion power remains lower than compression power; therefore, an electric motor is required to cooperate in driving the compressor. However, the electric power consumption of the motor is significantly lower than in Case A, giving the possibility to achieve a higher system efficiency. The system net electrical efficiency reaches 50.5% at cruise conditions ͑Table 8͒, with an operating pressure higher than in Case A.
The system optimal operating pressure is set to maximize the efficiency, as shown in Fig. 5 for the case of cruise conditions, where the optimized pressure of 1.2 bars corresponds to a compressor pressure ratio ␤ = 4.5.
At the other two operating conditions, the effect of pressure is different: Efficiency decreases with pressure in the worst case, due to the extremely low initial pressure at compressor inlet, then the PEM is operated at 0.8 bar ͑and ␤ ϳ 4.5͒. At ground conditions, pressurization gives instead some advantages, with the efficiency reaching a flat maximum at about 2.5 bars ͑␤ Х 2.5͒
Although the electrical efficiency is very high, the system layout is complicated by the concept of powering the compressor partly by the turbine and partly by the electric motor, a solution which would probably face significant control issues under the very different operating points required by this application. However, it should be noted that such arrangement is, in principle, similar ͑except for the direction of the power flow͒ to the one commonly used in gas turbines, where the turbine drives the compressor and the alternator; moreover, the electric motor could be used during startup and other transient operation procedures.
Case With Combustor and Turbocharger.
Case C is similar to the previous one, with a combustor added to make the turbocharger always self-sustained ͑Fig. 4͑c͒͒. The system layout avoids using the electric motor 3 , but the combustor consumes additional fuel; aiming to reduce the hydrogen consumption, we have assumed here to use the same jet fuel already onboard the aircraft to feed this combustor.
In all cases, the system efficiency remains between that of Cases A and B, reaching 48.7% under cruise conditions ͑Table 9͒. The cell active area is about 6% lower than in Case B and 20% lower than in Case A, allowing significant savings on the PEM cost, because the fuel cell does not have to sustain the consumption of the electric motor.
The effects of cell pressure on electrical efficiency and the resulting TIT are shown in Figs. 6 and 7. At cruise conditions, results are similar to what has been found in Case B. The required TIT is always very low ͑i.e., below 550 K͒, so the combustor should be operated with an extremely large excess air, with the possibility of achieving low NO x emissions.
At ground conditions, the efficiency rises up to ␤ Х 4, but the majority of the gain is already achieved at ␤ =2-3; setting the operating point within this range allows us also to minimize the TIT.
On the other hand, the very low TIT remarks that the gas cycle, although self-sustained, has poor thermodynamic quality; this turns into the efficiency decrease-in all operating points-with respect to Case B.
4.4
Comparisons. The energy analysis shows that both Cases B and C, relying on a turbocharger to drive the compressor, achieve better electrical efficiency and reduce the electric power output required to the PEM with respect to Case A. The system layout of Cases B and C is of course more complicated, but given that the specific costs of the PEM are much higher than those of the expander, it is possible that these solutions are preferable also from an economic point of view 4 Among the two favored cases, plant B reaches maximum efficiency, also featuring zero NO x and CO emissions, thanks to the absence of any conventional combustor.
It is interesting to compare the best PEM configurations ͑Cases B and C͒ with a conventional APU. Table 10 shows the energy balances of the plants: both PEM cases have of course a much better efficiency, which allows significant advantages in terms of 4 A detailed economic analysis, which goes beyond the scope of this paper, should be carried out to investigate this aspect. Table 6 Stream data for Case A " Fig. 4"a……, By the point of view of water consumption, the amount of water sprayed at the PEM cathode for cell humidification and cooling ͑by partial evaporation and sensible heat exchange͒ ranges between 375 g / s and 353 g / s for Cases B and C at cruise conditions ͑Table 10͒, and can be entirely recovered by condensation of the system exhausts.
For comparison, the alternative of cooling with a separate water circuit would require 624.5 g / s for scenario B and 588.3 g / s for scenario C ͑with heat exchange only through sensible heat, under the same temperature differences͒, while reducing the amount of water to be evaporated for the saturation of the cathode flow at about 8.3 and 7.8 g / s, respectively, for Cases B and C.
Conclusions
This work has considered the issue of integrating a PEM fuel cell onboard an aircraft for generating a fraction of auxiliary systems electric consumption. Calculations have been performed with a model that takes into account the effects of temperature and pressure on the cell efficiency, optimizing the fuel cell operating point at variable flight conditions. Different system architectures have been considered, where the FC is fed with hydrogen as fuel and compressed air taken from the external surroundings as oxidizer: the first ͑Case A͒ with the air fed to the FC by an electrically driven compressor, the other ͑Cases B and C͒ relying on a turbocharger to drive the compressor, reaching better electrical efficiency and reducing the size of the PEM. Optimized pressure ratios have been found, with the cell operating pressure ranging from 0.8 bar to 2.5 bars. In all cases, the proposed system yields relevant fuel savings with respect to a conventional gas-turbine APU, with the distinctive advantage of achieving zero NO x emissions in the most efficient configuration, where net electrical efficiency exceeds 50% at aircraft cruise conditions. 
